. Epicardial wire robot for rapid accurate myocardial injection for gene therapy. (a) The manipulator collapses for endoscopic insertion and removal. (b) After insertion, it deploys in triangular shape, with its three corners grasping the epicardium with suction. By pulling the 3 cables that connect the injection head to the 3 suction bases, injections can be rapidly and accurately placed anywhere within the dotted triangle.
I. INTRODUCTION
Multiple promising gene therapies for heart failure are currently under development [1] , [2] , but they lack effective means for delivery to the myocardium [3] . Homogeneity of gene expression is important in order to avoid arrhythmia [4] ; therefore, a large number of small injections is needed over a relatively large area. This large number of injections must be placed accurately, and preferably while the heart is beating, in order to avoid the morbidity associated with cardiopulmonary bypass [5] .
Minimally invasive methods for cardiac interventions possess significant advantages to standard open procedures including decreasing both the risk of infection and recovery times for patients [6] . Thoracoscopy is frequently used as a means to access the heart in a minimally invasive manner [7] . While thoracoscopic techniques are preferable to open heart surgery, they are still traumatic in that the lung must be deflated in order to gain access to the heart. In addition, the rigidity of the tools limits access to a small portion of the heart. Another limiting factor in thoracic procedures is the periodic motion of the beating heart. Stabilization devices are required to enable interventions on the beating heart.
The device introduced in this work overcomes these limitations in two ways. The device is delivered to the heart using a subxiphoid approach, obviating lung deflation. Once delivered to the pericardial space, the device adheres to the surface using vacuum pressure, providing a platform of zero relative motion with the beating heart. With the device, not only is the surgery less invasive, but it can also access parts of the heart unreachable by thoracoscopic tools.
The device is a parallel wire robot, shown in Fig. 1 . It is different from conventional surgical manipulators in that it adheres to the heart, providing a stable platform to deliver treatments, in a manner similar to the epicardial crawling robot known as HeartLander [8] . The present device is somewhat more complicated than HeartLander, but as a parallel wire robot, it can access a larger workspace considerably more rapidly [9] . Because the proposed device is affixed to the heart, injections can be placed more accurately despite the heartbeat; because it is a parallel wire robot, it can rapidly cover the target area.
Currently, da Vinci® is the only commercially available robot that can be used in cardiothoracic surgeries [10] . However, it has difficulty both in accurately intervening on the beating heart, and in accessing large areas of the surface [11] . To date, there is no commercially available cardiac robot for reliable and accurate performance of injections into the heart. Parallel wire robots have been a subject of research since the 1980's [9] . One of the first well-known wire robots was the NIST ROBOCRANE [12] .
Parallel wire robots [13] . The system proposed here can be defined as a planar wire robot with one degree of actuation redundancy [14] if the curvature of the heart surface is neglected. As such, statics and kinematics can be determined using previously developed methods [14] .
A Parallel Wire Robot for Epicardial Interventions

II. METHODS
A. Device Design
The prototype epicardial wire robot is shown in Fig. 2 . The device consists of the two distal suction bases and a proximal suction base built using rapid prototyping techniques. The two arms connecting the left and right distal bases to the proximal base are made of neoprene tube, through which Tygon™ suction lines and PTFE sheaths for the drive cables are delivered to the distal bases.
This prototype relies on the compliance of the arms to allow the device to passively fold to fit within the delivery cannula, and, upon exiting, to return to the deployed state. The compliance in the arms also allows the device to attach to a curved surface at the three base locations. The position of the injection head can be adjusted by pulling on the three drive wires which run from the head to each base, through the PTFE sheaths in the flexure arms, and out of the proximal base. The drive wires in the current prototype consist of braided fishing line. The longer arm is 100 mm long, and the shorter arm 75 mm.
B. Kinematics
For motion and path planning a planar approximation has been made. Because the device is a parallel manipulator, no closed form solution exists for the forward kinematics. However, the planar approximation means that the inverse kinematics can be solved by drawing a circle concentric to each base and finding the radius of each circle when they all intersect at the same point, as shown in Fig. 3 . This represents the Euclidean distance between the points [15] .
From this, planning algorithms have been developed that will allow surgeons to draw a path or a series of injection sites, to which the manipulator can autonomously travel under minimum-jerk trajectory conditions. The inverse kinematics means that by using the robot Jacobian, the Cartesian coordinate space can be directly translated into the coordinate space of the robot [14] . The geometry of the device yields the inverse kinematics:
(1)
C. Cardiac Access
The device is designed to access the heart in a minimally invasive way by utilizing a subxiphoid approach. After subxiphoid access is created and an incision is made in the pericardium, the manipulator is inserted into a 20-mm cannula. This cannula is inserted into the hole, and by pushing on the back end of the manipulator, it is deployed onto the heart under the pericardium. The stiffness of the arms allows the robot to passively open on the heart, obviating onboard motors or springs.
Once deployed onto the heart, suction is turned on to secure the manipulator to the heart. The tether for the injection head slides freely in the main base, allowing the surgical tool to be moved rapidly anywhere within the workspace. Injection is performed manually.
D. Electronic Control System
In order to provide precise and accurate control of the tool, an electronic control system has been developed. A side view of the system can be seen in Fig. 4 . The low-level control system includes an Arduino Mega 2560 microcontroller, three continuous-rotation servos, and three encoders for position feedback.
Control is performed using only position feedback as the output and servo speed as the input. Three independent PID loops run at 1000 Hz. The PID controllers were independently tuned by first estimating a transfer function numerically using MATLAB's System Identification Toolbox and then using the function pidtune to tune for a unit step function input. The control system has a graphical user interface (GUI) that allows the surgeon to control the device remotely.
E. Geometric Homing
Due to the flexibility of the arms, the deployed geometry of the device can vary due to the unpredictable operating Tool head environment. In order to account for this, geometric homing is done using the encoders which measure differential wire length. In the homing procedure, the tool head is moved manually to each base, in sequence. By calculating the difference in encoder values, the changes in cable lengths are determined, allowing for recovery of the deployed device geometry.
III. RESULTS
Movement of the injection head, suction, and injection have been tested in vitro. The device was first tested on a balloon coated in lubricant with a stocking pulled over it to simulate the heart and pericardium. Prototypes that demonstrated successful suction and movement of the injector head were then tested for injection into animal muscle tissue ex vivo. In all, 16 prototypes were tested.
The manipulator was then tested in vivo in a porcine model (N = 3) under a board-approved protocol. The device was inserted using subxiphoid access and tested for movement of the injection head, injection of ink, suction, and visualization under fluoroscope.
A. Testing in vitro
No prototypes had difficulty adhering to the balloon or chicken breast during testing in vitro. Initial difficulties were overcome in movement of the injection head. Rotation of the tether sometimes caused the head to rotate as well. Redesign to relocate the anchor positions for the strings allowed for the rotational moment to be minimized. Ink injection into the chicken tissue was performed and deemed successful at a depth of 5 mm.
B. Geometric Homing
Benchtop tests were conducted to ensure that the previously described geometric homing procedure provided accurate results. Because two measurements are made for each string length (i.e., as one string shortens, another lengthens when going from one base to another), comparing the two measurements allowed verification. Measurements within 5% of each other were considered accurate.
Use of these measurements quantifies the size of the robot, and then rotation of the axes is chosen, as seen in Fig.  3, letting to simplify calculations. During tabletop testing, the length of the left and right sides of the workspace were measured via geometric homing as 80.1 mm and 61.9 mm respectively, while the actual dimensions were 83 mm and 62 mm, corresponding to errors of 3.5% and 0.2%, respectively.
C. Testing in vivo 1) Insertion and Deployment
The manipulator was successfully inserted and deployed via subxiphoid access and a small incision in the pericardium near the apex of the heart. Images from before and after the insertion are shown in Fig. 5 . During insertion the device was collapsed inside the cannula, and the cannula was inserted into the pericardial space. The device was advanced through the cannula to the heart surface. As the device exited the cannula, the flexible arms expanded to the deployed state and suction was provided to the bases to adhere to the surface of the heart. In some cases, because there is some error in the positioning of the wires, twisting can occur under deployment. This means the wires will cause forces that hinder their suction. The pericardium actually helps fix this problem, by applying a reactive force onto the device and allowing static equilibrium. With the device suctioned on the anterior surface of the heart, geometric homing was done using the electronic control system. The tool was moved to each base and viewed under fluoroscope to ensure the correct position. Using the computer, the device was then moved to each base and injections were performed. A sternotomy revealed the device deployed under the pericardium and movement was done to ensure electronic control was achieved. Inspection of the device and surface of the heart showed that there was no obstruction of the suction heads due to aspiration of liquid or debris. Upon excision of the heart, two injections were found.
2) Tool Head Motion
Fluoroscopy was used to visualize the device during operation. Small stainless steel washers were embedded in each suction base, as well as the injection head, to aid in visualization. During operation the GUI was used to position the injection head at various locations in the reachable workspace. After deployment onto the heart, images and video were captured on the fluoroscope demonstrating the motion capabilities of the manipulator, as shown in Fig. 6 . The injection head moved easily under the pericardium.
3) Injections During each procedure, injection into the myocardium was demonstrated. Sample results are shown in Fig. . For each injection the tool head was moved to the edge of the robot workspace and a PTFE lumen with a 23 gauge needle tip was advanced through a PTFE sheath embedded in the tool head approximately 5 mm. Water-based ink (0.1 mL) was injected into the myocardium, allowing injections to be identified post-operatively.
IV. DISCUSSION
The epicardial wire robot manipulator successfully demonstrated insertion, deployment, tool manipulation, and injection in vivo. To arrive at a clinically relevant device, further work is needed in several areas.
Accommodation for an electromagnetic tracker will be designed into future prototypes, enabling registration to preoperative models and intraoperative image guidance.
Future prototypes will focus on reducing size while maintaining suction force, surgical tool movement, and injection capability. Initial prototypes have featured neoprene rubber arms for stiffness. Sheaths with thinner walls and smaller outer diameter are being considered in order to reduce the size of the bases.
The vacuum chambers can also be reduced. Initially, the chambers were generously sized in order to ensure adhesion, but new refinements will measure adhesion and scale the chambers accordingly.
Injection depth is currently manually controlled to about 5 mm. While manual injection has been relatively successful, future versions will automate injection depth to ensure consistency.
